sequences. IESs 0.5 to Ͼ20 kb in length occur in noncoding regions. Excision of IESs can occur reproducibly (within a few nucleotides) at a specific site, or (with similar fidelity) at a limited number of alternative sites. The second type of rearrangement involves chromo- DNA sequences in the parental macronucleus guide that is homologous to piwi and is required for DNA DNA rearrangements. In Tetrahymena, introduction of elimination. We also found that small RNAs were specifi-DNA containing an IES sequence into the parental maccally expressed prior to chromosome rearrangement ronucleus inhibits DNA elimination of that IES when the during conjugation. These RNAs were not observed in new macronucleus forms (Chalker and Yao, 1996). In TWI1 knockout cells and required PDD1, another gene another ciliate, Paramecium, an IES in the G surface required for rearrangement, for expression. We proantigen coding region that had aberrantly been retained pose that these small RNAs function to specify sein the macronucleus inhibited elimination of this IES quences to be eliminated by a mechanism similar to when the new macronucleus formed (Duharcourt et al., RNA-mediated gene silencing. 
related, double-stranded RNase (see Ambros, 2001 ), play a pivotal role, but how PPD genes are related to small RNAs is not well understood.
We also show that a piwi-related gene, TWI1, is required for DNA rearrangement in Tetrahymena thermophila. In TWI1 knockout cells, both IES elimination and chromosome breakage were affected. Small ‫82ف(‬ nt) RNAs specifically expressed during conjugation do not accumulate in the absence of TWI1 or PDD1 (another gene required for IES elimination) expression. Possible relationships between DNA rearrangement and the small RNAs are discussed. RT-PCR (data not shown). These results argue that all mRNA at late times after mixing reflects incomplete synmacronuclear genes had been disrupted and that the chrony of conjugation (see Figure 2D ). small amount of the endogenous gene remaining in these cells was derived from the transcriptionally inert TWI1 Is Not Essential in Vegetative Cells micronucleus. The absence of TWI1 mRNA during the To study TWI1 function, the ORFs of TWI1 genes in mating of the TWI1 knockout cells also argues that TWI1 the polyploid macronucleus were replaced by neomycin is a parentally expressed gene transcribed only from resistance genes (Figure 2A) . Replacement was anathe old macronucleus. As expected from the absence lyzed by Southern and Northern blotting in four indepenof TWI1 mRNA in growing cells ( Figure 1C ), the TWI1 dent somatic knockout strains (S1, S2, S4, and S10). A knockout strains showed no obvious defects during strong band whose size is that expected from knocked vegetative growth (data not shown). out genes, and a faint band corresponding to the endogenous TWI1 genes, were observed on Southern blots ( Figure 2B ). The amount of the endogenous gene was Parentally Expressed TWI1 Is Essential for Formation of Viable Progeny 15-20 times less than the disrupted gene, similar to the relative amounts of DNA in micro-and macronuclei in Figure 2D compares the developmental profiles of the mating of wild-type and TWI1 knockout cells. Although log phase cells (Woodard et al., 1972) . We could not the start of mating was delayed and maximum mating to have occurred normally without TWI1 gene expression. was low in the knockout strains, the stages of development looked normal, and exconjugants containing two To test for viability of progeny, single pairs were cloned and tested for growth. The progeny of the TWI1 new macronuclei and two new micronuclei in the center of the cell were produced ( Figure 2D, column 14) . Thus, knockout cell did not grow upon return to nutrient and eventually died ( Figure 2E ). Thus, TWI1 expressed from at the cytological level, nuclear differentiation appeared 
Results

Characterization of TWI1
Anlagen (F), Pair Separation (G) and Old Mac Elimination (H). (A)-(F)
In RNA extracted from wild-type cells, a rapidly mishare common scale bars, as do (G) and (H).
grating band of ‫82ف‬ nt was detected by ethidium bromide staining during conjugation but not in growing or Figure 6G ). Because the number of mating pairs formed ( Figure 6D ), indicating a 3Ј hydroxyl. These ends suggest that these RNAs were produced by an E. coli RNase IIIby TWI1 knockout cells was two to three times lower than wild-type ( Figure 2D ), five times more RNA was like enzyme (Robertson, 1990) . Analysis of the RNA on a long sequencing gel revealed that the small RNAs were analyzed from these cells ( Figure 6G ) than from wildtype cells ( Figure 6A ). We conclude that the small RNAs heterogeneous, ranging from ‫62ف‬ nt to 31 nt ( Figure 6E) .
The small RNAs were detectable by 2 hr, were present either were not synthesized or were not stable in TWI1 knockout cells. in large amounts from 4-10 hr, and decreased after 12 hr postmixing. Expression of these small RNAs was simiIn contrast to the TWI1 knockout cells, the small RNAs were observed in both PDD1 ( Figure 6H ) and PDD2 (data lar to that of Twi1p (compare Figure 3D and Figure 6A ) and precedes the timing of DNA rearrangement, which not shown) knockout cells. However, in PDD1 knockout cells, expression was not observed until much later (8 occurs 12-15 hr postmixing, just before the 2 Mac-1 Mic stage (Austerberry et al., 1984) .
hr post mixing) in conjugation ( Figure 6H ). It is known that PDD1 mRNA is transcribed both from parental maTo determine whether they were related to micronuclear-specific (IES or BES) sequences, small RNAs cronuclei early in conjugation and from new macronuclei in later stages (from 7.5 hr postmixing; Coyne et al., purified from wild-type cells at 10 hr postmixing were isolated, labeled, and used to probe macro-and mi-1999). Because PDD1 is knocked out only in the macronucleus, PDD1 genes in the micronucleus and in the cronuclear DNA ( Figure 6F ). They hybridized with heterogeneous EcoRI digested genomic DNA fragments from new macronucleus derived from it are intact in PDD1 knockout progeny cells, so these cells can express both nuclei. Strikingly, they hybridized ‫03ف‬ϫ more with micronuclear DNA than with macronuclear DNA. These Pdd1p in later stages. Thus, the temporal pattern of et al., 1999). We hypothesize that this inability is related to the delayed expression of the small RNAs in these PDD1 knockout cells.
Discussion
We have identified TWI1 as a Tetrahymena piwi-related gene and shown that its parental expression is essential to produce viable conjugation progeny. This is likely to be due, wholly or in part, to defects in the elimination of IESs and in chromosome breakage ( Figure 5 ) during macronuclear development. We also identified small RNAs that are only expressed during conjugation ( Figure  6A ). We propose that these small RNAs function in DNA rearrangement events that eliminate micronuclear-specific sequences because: (1) they are highly enriched in micronuclear specific sequences; (2) they are not expressed in the absence of TWI1 genes in the parental macronucleus; and (3) their expression requires the product of PDD1, another gene that is essential for IES elimination ( Figures 6F-6H ).
scan RNA model Combining the data described here with previous studies on IES elimination and IES associated proteins, we propose a model for how IESs, which lack obvious consensus sequences, are recognized during macronuclear development (Figure 7) . In Tetrahymena, it is known that both strands of the micronucleus-specific IESs (and their flanking sequences) are transcribed early in conju- cytoplasm and then in the parental macronucleus. PPD We hypothesize that, if the sequence of scnRNA is homologous to any DNA in the old macronucleus, it will genes, including piwi, are essential for RNAi, PTGS, and/or TGS, although their function in these processes be degraded (step 4). An RNase H-like enzyme that can act on DNA-RNA hybrids could be involved in this is not understood. We call these short RNAs scan RNAs (scnRNAs) because we believe that they are required to process. The result of this step is that only scnRNAs homologous to the micronuclear-specific sequences rerecognize IESs, and possibly BESs, by scanning old macronuclei and developing macronuclei for DNA semain in the macronucleus. Our finding that the small RNAs isolated from cells in the late stages of conjugation quences that are in the micronucleus but not in the old macronucleus (see below). They could also recognize hybridized more strongly with micronuclear DNA than macronuclear DNA ( Figure 6F ) supports a scnRNA funcviruses and transposons that have been integrated into the micronuclear genome since the preceding conjution for the small RNAs. We further hypothesize that the selected scnRNAs gation.
The normal expression pattern of the small RNAs we are then transferred to the new macronucleus (step 5), possibly in association with Twi1p, Pdd1p, and Pdd2p, have identified and its changes in mutations that affect DNA elimination are consistent with this RNA being the all of which show the remarkable property of localizing to the new macronucleus after they appear in the old scnRNA. The processing of scnRNA could occur in the cytoplasm or in the macronucleus. We prefer the latter one. Interestingly, Pdd1p contains three chromodomains ( 
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Evolutionarily, this system could have arisen as a host 
